the first month after sea-transfer, at levels below commonly used cut-off diagnostic values (Hjeltnes et al., 2016; Svendsen, Nylund, Kristoffersen, Takle, Fossberg Buhaug & Bang Jensen, 2019) To date, clinical outbreaks of CMS have not been reported in fry, smolt or broodfish in the freshwater phase. Piscine myocarditis virus has, however, been detected in broodfish after transfer from sea to freshwater. In a study by Wiik-Nielsen, Ski, Aunsmo, & Løvoll (2012) , PMCV was detected in 16 out of 20 tested broodfish before stripping, and Pharmaq Analytiq reports that certain broodfish groups submitted for analysis can have a prevalence as high as 70%-90% (S. Nylund, personal observation) . Low levels of viral RNA from PMCV have also been detected in fry (Wiik-Nielsen et al., 2012) .
There is consensus that the primary route of transmission of PMCV is horizontal, and several studies have shown that PMCV and CMS are transmitted between fish in tanks and between farms in the field (Bang Jensen et al., 2013; Fritsvold et al., 2009; Haugland et al., 2011) . However, a recent outbreak of CMS in the Faroe Islands has been linked to eggs imported from Norway (Garseth et al., 2018) , and in light of the high prevalence of PMCV among broodfish, and the findings of PMCV early after sea-transfer, a discussion on whether PMCV can be transmitted from broodstock to progeny has been rekindled. Previously, one small-scale study exploring this possibility was performed, in which PMCV was detected at low levels from fertilized eggs and fry, but not in hatchlings after first feeding (Wiik-Nielsen et al., 2012) . Thus, the results were not sufficient to form a conclusion on whether vertical transmission of PMCV can or does occur. The consequences of a vertical transmission pathway of PMCV for trade and control could be large, and thus, it is important to ascertain whether this is possible or not.
The aim of the present study was to ascertain whether PMCV can be transmitted from broodstock to their progeny, under normal production systems by sampling from commercial producers in the field.
| MATERIAL S AND ME THODS

| Fish cohorts
Fish cohorts from two commercial AS producers in Norway were included in this study. Cohort X includes broodfish and eggs and progeny from these fish. The broodstock for this cohort originated from a seafarm which had experienced some mortality due to CMS in the last half year before stripping. Similarly, cohort Y includes broodfish and eggs and progeny from these fish.
Samples were taken at different timepoints as depicted in Figure 1 and described below.
| Broodstock sampling
Broodstock from both cohorts were stripped in November 2015. At this time, heart (ventricle) and ovarian fluid were sampled from female broodstock. At the same time, milt was sampled from the males used for fertilization from cohort X, and both milt and heart from males from cohort Y. A minimum of 0.2 ml and maximum 1 ml of ovarian fluid or milt were sampled from each fish and stored individually in test tubes without any added media. These samples were refrigerated and kept cold during overnight delivery to the laboratory. All samples from broodfish were analysed by RT-PCR (see description below), and based on the results, broodfish and their corresponding progeny were sorted into groups A to G as presented in Table 1 . In group A and D, both parents were positive for PMCV in both hearts and sexual products. In group B and F, the female was positive for PMCV in heart and ovarian fluid and the male negative for PMCV in milt (Group B) and only weak positive in heart (Group F). In group G, the female was negative in both samples and the male positive in both. In cohort X, there were no females that where negative for PMCV in the heart; therefore, the equivalent to group G consisted of a female which was negative for PMCV in the ovarian fluid and a male with PMCV-positive milt (group C). Finally, group E was similar to group C, except that the male was also positive for PMCV in the heart.
| Egg sampling and disinfection
After fertilization, each batch of eggs (a batch meaning the progeny of one male × one female) was kept separate. Eggs from cohort X were sampled before and after disinfection. These eggs were sent in batches together with the broodfish samples to the laboratory.
At the laboratory, 50 eggs from each batch were frozen individually before testing. Eggs from both cohorts were disinfected with Buffodine according to manufacturer's protocol: 100 ml Buffodine F I G U R E 1 Sample points for the samples taken from cohort X and Y in the study per 10 L of water for 10 min, followed by five times of rinsing in a dilution of 90 g salt in 10 L freshwater. The eggs were then incubated in single incubators containing one batch of eggs each. From each of the groups A to G as described above, two to four egg batches were selected for further sampling. An overview of the batches included is presented in Table 1 .
From two egg batches from group A and four egg batches from each of group B and C, approximately 30 of the eggs that were sampled before disinfection and 30 of the eggs sampled after disinfection were tested with RT-PCR for PMCV. Each egg was processed and tested individually.
| Sampling of progeny
The following sampling and testing were performed from cohort X:
From group A, B and C, the egg batches with the highest prevalence of PMCV after disinfection were included in the subsequent study.
After approximately 330degree days (in January 2016), the eggs were shocked. At the same time, approximately 120 eggs from each of the three egg batches were sampled and analysed individually.
The eggs hatched in February 2016, and samples were taken from each of the three groups four times from hatching until termination right before sea-transfer, as illustrated in Figure 1 . At the last sample point, additionally nine fish from group B were sampled for a study on tissue tropism.
The following sampling and testing were performed from cohort Y: In January, when the eggs had become eyed eggs, 30 eggs were sampled and tested from each of four batches of group D and three batches of group E, and 60 eggs from three bathes from each of groups F and G (see Table 1 ).
In February, after approximately 110 degree days, 60 yolksac fry were sampled from the egg batch with highest prevalence of PMCV from the previous test from each of group D, E, F and G. All sampled fry were tested individually for PMCV by RT-PCR. After first feeding, the hatchlings were transferred to another hatchery, where all fry from each of the groups D to G were merged in each of four tanks.
A final sampling was performed in May, when the fry were approximately 6 g. At this time, 90 fry were sampled from each of the four groups. An overview of all sampling points is presented in Figure 1 .
| Sampling
All samples were kept on RNA-later until analysis, except milt and roe which were not kept on RNA-later. From broodstock, pieces of hearts (ventricles) were sampled together with roe and milt during stripping. Eggs were placed in individual containers and tested separately. Yolksac fry were placed whole in containers, whereas the head region (including gills, heart and kidney) was sampled from larger hatchlings/fry. At the last sampling point for cohort X, six tissues were sampled from each of nine fish, in addition to the regular sampling. From these fish, heart, liver, spleen, kidney, brain and gill were sampled separately, in order to study tissue tropism.
| Real-time RT-PCR
Tissue samples were processed using a Qiagen's Universal Biorobot, with the compatible RNA purification kit (RNeasy 96 Universal Tissue Kit), according to the manufacturers' recommendation.
Extracted total RNA was eluted in a final volume of 100 µl of the supplied kit elution buffer.
Extracted RNA from tissues of salmon was tested by Taqman realtime RT-PCR (qScript XLT 1-Step RT-qPCR ToughMix, Quantabio).
During the real-time RT-PCR screening a house-keeping gene, elongation factor 1 alpha (EF1A) was used as an internal control (Olsvik, Lie, Jordal, Nilsen, & Hordvik, 2005) , and a specific assay was used for detection of PMCV . The primer and probe concentrations had been optimized and found to be 900 nM for all primers used, and 225 nM for the corresponding probes. The samples were run in simplex for the internal control, and triplicates for detection of PMCV in standard 384-well plates. All assays were run in a total volume of 10 µl in each well, with 2.5 µl of isolated total RNA as the template. Plates were analysed in an Applied Biosystems Group PMCV in female broodfish PMCV in male broodfish
Egg batches Heart
Ovarian fluid Heart Milt
a For this batch, the heart of the female was PMCV +, and the milt from the male was PMCV − TA B L E 1 Overview of the egg batches in each of cohort X and Y 7900 HT real-time machine under standard conditions. Each run consisted of 45 cycles, and the samples were considered positive when the fluorescence signal increased above a set threshold of 0.09. The PMCV assay has a repeatable cycle threshold value (Ct) of 34.7 , and average Ct-values were calculated based on the results from all values found in the triplicates for each sample. Criteria for determination of this average Ct-value are normally based on the requirement that a minimum of two out of three in a triplicate are below the repeatable cycle threshold value. For the purpose of this study, an average of all Ct-values was included in the calculation, regardless of Ct-value.
| Statistical analysis
For each batch of samples, the prevalence of PMCV with confidence intervals was calculated using the binom.test in R (R Core Team, 2018).
| RE SULTS
| Broodfish
The results of the PCR-tests of broodstock are shown in 
| Disinfection
PMCV was detected in all egg batches from cohort X before disinfection, with an overall prevalence of 27.5%. Prevalence in individual batches ranged from 6.2% to 43.8% (Figure 2 ). Ct-values from these samples were between 36.0 and 42.0. After disinfection, PMCV was detected in six of the 14 batches tested, with prevalences from 4%-6.7%. Ct-values ranged from 37.0 to 41.3 in these samples.
| Progeny
The results from testing of cohort X for PMCV at different time points are presented in Table 3 and Figure 3 . At the first sample point, the prevalence in each of the egg batches tested varied from 4.2% to 10.8%, with confidence intervals from 1.4% to 17.8%. At the second and third sample point (larvae and fry stage), the prevalence was between zero and 1.8%, with confidence intervals from 0% to 9.6%. At the 40 g stage, the prevalence varied from zero to 5.9% (CI 0%-14.4%). At 70 g, we were not able to detect any PMCV in any of the groups from cohort X. The Ct-values of all positive samples were between 35.4 and 37.8, except from one sample from 15 g fry which had a Ct-value of 33.9. In 6 of the 9 fish that were sampled for tissue tropism at 70 g, PMCV was detected in either heart, liver or spleen with Ct-values between 34.6 and 36.9. The other five organs tested in each fish were negative, as was the remaining three fish.
The prevalence of PMCV in the eyed eggs from the 13 egg batches tested from cohort Y varied from 1.7% to 23.3%, with confidence intervals from 0 to 42.3 (Table 4 ). In the four batches tested at the yolksac fry stage, the prevalence was between 3.3% and 11.7%
(CI from 0.4 to 22.6). At the last sampling point at 6 g, the prevalence varied from 0% to 23.3%, with confidence intervals from 0 to 33.4.
From Figure 3 , it can be seen that the prevalence was low in group In Figure 3 , results from the seven batches from both cohort X and Y that were sampled over time are shown. The two batches with persistently low prevalence of PMCV both originate from eggs where the milt was negative and the roe positive for PMCV. In all other batches, the milt was positive for PMCV, and from the figure it does not seem as if there was a difference between those batches were the roe was also positive for PMCV and those in which it was not.
| D ISCUSS I ON
In this study, we have found PMCV in both hearts and sexual prod- In addition, Ct-values above the cut-off, while not reproducible, were still within range of the limit of detection for the analysis. We were not able to confirm the presence of PMCV in weakly positive samples, probably due to limitations in sensitivity of the standard RT-PCR analyses that were employed. Although the overall real-time RT-PCR and PCR results put together cannot be considered conclusive, they do suggest that care should be taken when assessing negative test results from sexual products of broodfish.
In six of the 14 egg batches tested, PMCV could be detected by PCR after disinfection, albeit at a lower prevalence than before disinfection. The biophysical properties of PMCV are not known, and the authors are not aware of any studies on the effect of disinfection on the virus thus far, mainly because there is no suitable protocol for cultivating PMCV for example in cell culture (Garseth et al., 2018) .
Thus, no attempts were made to ascertain whether the viral material detected by PCR in the present study was infective or not. The disinfection routine that was used is the one most commonly used in Norwegian salmon farming. The reduction in prevalence could be merely due to the mechanical rinsing off of the biological material present on the outside of the eggs. Based on the findings, we suggest that more thorough studies should be carried out to ascertain F I G U R E 3 Prevalence of Piscine myocarditis virus (PMCV) in seven egg batches from cohort X and Y, sampled at different timepoints (see also Tables 3 and  4 ). Red lines indicate batches where both milt and roe from the parents were PMCV positive, blue lines indicate batches where milt was positive and roe negative, and green lines indicate batches where milt was negative and roe positive (see also Table 1) what disinfection measures should be used to reduce the risk of vertical transmission of PMCV.
Piscine myocarditis virus was detected in all batches at the eyed egg and shocked egg stages, of both cohorts. After hatching, PMCV was detected in a majority of the batches up until and including the 40 g stage. At the final sampling point, in presmolt, PMCV could no longer be detected in any of the batches we were following.
However, PMCV was detected in fish sampled for tissue tropism from another batch in cohort X. With the sample size of 60 that we used in this sampling point, the detection limit is 4.9% prevalence (95% confidence), thus indicating that the PMCV could have been present even in the study batches, but at a lower level than we were able to detect.
The reduction in prevalence of PMCV with time in cohort X might suggest that the virus is not actively replicating within the progeny, and thus that they are either not actually infected but the PMCV detected is only from the surface of the fish, or that PMCV does not replicate in any considerable amount in these juvenile life stages of Atlantic salmon. In cohort Y, the prevalence of PMCV was relatively high at the final sampling point in two of the groups sampled.
The provided data of detection of PMCV in eggs and fry do not give any evidence for a true infection with replicating virus. In this study, we did not sequence the virus or measure early immune response markers for viral infection and at the 60 g sample stage we could not detect virus in the fish. In the PMCV disease challenge study by Timmerhaus et al. (Timmerhaus et al., 2011) , the authors detected activation in six gene sets associated with immune responses, 2 weeks after infection of 50 g fish. However, in this study the fish were infected with a high dose of virus in post-smolts and it may be that lower infection doses do not trigger an immune response before the virus level reach a trigger level. Although we did not find virus after 60 g in our study, we know from field reports that PMCV is detected in a limited number of smolt groups prior to sea-transfer in hatcheries using only fresh water. This suggests that the virus can be retained in the population throughout the entire hatchery phase. Nevertheless, there have been no reports of any CMS outbreaks in hatcheries, neither any CMS development in challenge tests conducted on fry nor presmolts. This may imply either that (a) the virus replicates only at a very low level in juvenile fish;
(b) the fish lack the ability to promote an immune response against PMCV in juvenile stages; or (c) the virus detected is incomplete, and the PCR results only detect fragments of the virus.
Infection of live virus at high levels is known to trigger an immune response, which may give protection later in life. To our knowledge, there has been no field or experimental studies that have investi- would rather have an increased likelihood of developing CMS later in life. Nevertheless, this topic needs to be studied explicitly to make any conclusions as it is known that CMS spreads horizontally (Bang Jensen et al., 2013; Fritsvold et al., 2009; Haugland et al., 2011) .
In order to assess whether the transmission really did occur from the individual broodstock to their respective progeny through vertical transmission, sequences of PMCV from the broodstock and the fry could have been compared. However, in the present study, the samples were generally too small, so that there was not enough material left to perform sequencing after the RT-PCR was done. In addition, the studies performed so far on phylogeny of PMCV have shown little potential for molecular tracing (Wiik-Nielsen, Alarcón, Fineid, Rode & Haugland, 2013; Xu, Mikalsen, Munang'andu & Evensen, 2018) . In planning of the study, we aimed to include a negative control, in order to make sure that any findings of PMCV in progeny were not simply due to cross-contamination from the broodstock or from viral residues in the environment or equipment.
Unfortunately, no such negative control was available from the population of broodstock tested. A possible solution would be to repeat the study in a laboratory facility where it is possible to control for these things. As the egg batches were disinfected immediately after fertilization and then kept in single incubators, we believe we have minimized the risk for such cross-contaminations.
For this transmission route to be of any consequence in the production, it is imperative to determine how a potential vertical transmission of PMCV occurs. One way to investigate this could be to perform infection trials with homogenate from organs that have been aseptically extracted from the fish. Using homogenated, disinfected eggs could also help determine whether PMCV is transmitted on the outside or the inside of the eggs, and whether proper disinfection could reduce the risk of transmission. The one aquatic viral disease that has been studied most extensively when it comes to its potential for vertical transmission is infectious pancreatic necrosis (IPN). Since 1963, a large number of diverse studies have tried to ascertain how this virus is transmitted vertically, but there is still no consensus as to whether it occurs as an embryonal infection, through contaminated water entering the egg, or plainly by resistance to disinfection with iodophores (Munro & Midtlyng, 2011) . For PMCV, any of these means of vertical transmission could be valid.
We tested eggs and progeny from different combinations of PMCV positive and negative males and females, in order to investigate whether any transmission occurred from the males or the females. In our study, we could not see any substantial difference between the batches originating from the different combinations.
However, those groups from both cohorts, where no PMCV was found in milt, were the ones with the lowest prevalences after hatching. Whether this is just a coincidence, or actually an indication that transmission from the males is more important than from the females should be investigated. A lot less males than females are needed for production, so that it could be feasible to only use PMCV-negative males to reduce the risk of transmission.
In our study, we applied a "worst-case" approach, selecting the batches with highest prevalence in the previous testing for each following sampling point, since we wanted to assess whether it was at all possible to continue detecting PMCV. Therefore, the prevalence of PMCV in the regular hatcheries is probably lower than what we have demonstrated here.
The present study provides a valuable input into the ongoing investigation of whether PMCV can be transmitted vertically, in addition to the well-known horizontal transmission pathway. Further studies are needed in order to ascertain whether the PCR-products detected in progeny is viable and infective PMCV or just non-infective viral fragments. This could for example be done in a study using PCR-positive material from eggs or fry in a challenge trial.
A recent study performed within the same project has shown that PMCV might be much more widespread in the Norwegian population of farmed salmon than previously thought . In this study, PMCV was found in farms with no or little prior history of CMS.
Some of these farms were situated in an area where the overall prevalence of CMS until very recently has been low (Hjeltnes et al., 2018) .
The virus was detected soon after transfer to the sea, thus indicating that either the infection pressure of PMCV in the marine environment is high, or that the smolt were already infected at the time of sea-transfer. Thus, we suggest that further studies should try and ascertain the prevalence of PMCV in hatcheries and especially in presmolt.
In the meantime, farmers have several options for minimizing the risk of transfer of PMCV from broodstock to progeny, including screening of broodstock and aiming to use only those that are negative for PMCV or have low levels of virus. Additionally, better routines for disinfection of milt and roe should be explored, and smolt could be screened for PMCV before transfer to the sea.
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